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l Abstract ]

Studies of divinylbenzene copolymersand dimethacrylate
homopolymersindicate that the polymer pore size controls the
separation of waterand ammoniaon porous-layer-open-
tubular (PLOT) columns.To a lesser degree,the polarityof the
polymersalso affects the separation of a water-ammonia gas
mixture.Our results demonstrate that the pore size can be
regulated by controlling the cross-linking density or the chain
lengthbetween the cross-linking functionalgroups. An
optimum pore size will provide the best separation of water
and ammonia.

introduction

solutions (8). We describe the polymer pore size and solubility
effects on water-ammonia separation.

Experimental

Materials. Divinylbenzene (DVB) (95% purity) (Dow Chemical;
Midland, MO) and ethyleneglycoldimethacrylate (EGDM) (Arco
Chemical Co.; Newton Square, PA), diethyleneglycoldimethacry_
late (DEGDM), triethyleneglycoldimethacry!ate (TEGDM), tetra-
ethyleneglycoldimethacrylate (TTEGDM), polyethyleneglycol
(400)dimethacrylate (PEGDM), 1,4-butanedio! dimethacrylate
(BTDM), 1,6-hexamethylene dimethacrylrate (HMDM), penta-
erythritol tetramethacrylate (PTMA) r,and pentaerythritol triacrylate
(PTAA) (all from Polysciences, Inc.; Warrington, PA) were passed

Exobiology has been and continues to be a subject of interest

to NASA. From our knowledge of life on Earth, we know that
the presence of water and ammonia was of critical importance for
chemical evolution and the origin of life. The examination of ex-
traterrestrial bodies (in other words, planets, moons, comets,
and planetary dust) for the presence of water, ammonia, and

other biogenic compounds and elements is an object of much
analytical effort. Gas chromatography (GC) can be used for the
analysis of water and amines (1-3); however, columns that pro-
duce good separation are difficult to find. Although several

liquid-coated columns have been reported (4,5) for this applica-
tion, they cannot be used in conjunction with highly sensitive de-
tectors such as the ion mobility spectrometer (IMS) or metastable
ionization detector (MID) because of bleeding problems associ-
ated with these columns (6,7). For these reasons, NASA-Ames
Research Center is involved in low or no-bleed column devel-

opment for GC use.
Current commercial columns separate water-ammonia solu-

tions through temperature programming. In flight missions, an
isothermal condition is preferred. Under isothermal conditions,
most of the commercial columns either cannot give good sepa-
ration or have severe tailing problems. Recently, several porous-
layer-open-tubular (PLOT) columns were developed and inves-
tigated in our laboratory for the separation of water-ammonia

*Author to whom correspondence should be addressed.

fore user Styrene (Aldrich; Milwaukee, WI) was treated with IM

_,aOH solutmn. The styrene layer was separated and _ed with
CaO before use, Methanol (J.T. Baker; Phillipsburg, NJ), iso-
propanoL _p_e (Matheson Coleman & Bell; Cincinnati, OH),
2,2"azobisi_butymnitrile (Polysciences), and methylethylketone
(J.T. B_er) were used as received without purification.

Column preparation. Columns were prepared by the in situ
polymerization method previously described (8). In each case,
a solvent wasseiected from one of the following to produce the
column: methanol, isopropanol, heptane, or mixtures of each.

Gas chromatographic evaluation. The column prepared from
the in:situ polymerization method was installed in aGC that was
equipped with a thermal conductivity detector. Helium carrier gas
was used to separate the various compounds. Gas samples were
injected onto the column using a gas sample valve, Re flow rate
and operational temperature are given in the figures.

Scanning electron microscope evaluation. The scanning elec-
tron microscope (SEM) pictures (Figure 1) were taken by a Hi-
tachi S-4000 Field Emission Scanning Electron Microscope.
The samples were prepared by the following method: A portion
of the column (1 in. length) was cut using a file; the samples were

mounted on a plate; to prevent the samples from charging, the
samples were sputtered for 3 min with gold using a Polaron
E5100 SEM Coating Unit; finally, the samples were viewed and
pictures were taken at 2.0 kV and magnifications of 7.00 K and
50.0 K, respectively.

3'6 Reproduction (photocopying)of editorialcontentofthis journalis prohibitedwithout publisher's permission.
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ResuRs and Discussion

Column preparation

The PLOT columns prepared by in situ polymerization can be

classified into three types:

• Columns with very low operational pressure (less than 10 psi

at 3-4 mL/min flow rate) that are formed when the particles

are small but stable and the coating is uniform

• Columns with medium operational pressure (P) (50>P> 10

psi) that are produced by formation of very small and un-

stable particles that coagulate and form large clusters thereby

reducing the column passway

• Columns with high operational pressure (more than 50 psi)

that are formed when small particles aggregate and com-

pletely block the column in many thin segments.

Figure 1A shows an HMDM PLOT column made using a

butanol-hexane solvent system. The formation of properly sized

latexes produces a very uniform coating. The operational pres-

sure at a flow rate of 4-6 mL/min is only 10 psi. The column sep-

aration efficiency is also very high. Figure 1B shows an HMDM

PLOT column produced using a heptane solvent system. Very

small particles form at the beginning; later, aggregation occurs,

and clusters form. Although it has high porosity, the column is

plugged even at pressures over t 00 psi. It is clear that selection

of a suitable solvent system for polymerization is very important

for producing PLOT columns with low operational pressures.

where VH:O and VNH3 are the specific retention volumes of water

and ammonia, and tH2o, tNH,, and tair are retention times of water,
ammonia, and air, respectively. The water-ammonia relative re-

tention increases with an increase in the concentration of EGDM

as shown in Figure 2.

Two factors, pore size and solubility, are important in GC

separation, adsorption, and desorption processes (l 1). Adsorption

is related to the solubility factor, which is mainly determined by

the ability of the gases to condense as well as the physical in-

teraction of a gas molecule with the polymer matrix. Desorption

is primarily determined by the size of a gas molecule as well as

factors such as polymer segmental mobility and intersegmental

packing density (or pore size).

To determine which factor influences the separation of water

and ammonia in DVB-EGDM PLOT columns, we examined the

solubility parameter first.

In recent years, gas-liquid chromatography (GLC) has been

used to determine thermodynamic parameters for polymer sub-

strates (12-14). Based on inverse chromatography, the solubility

parameter can be estimated (15). It is clear that the retention

volume of a substrate is related to the polymer-solvent (or Flory-

Huggins) interaction parameter (16), x, as shown in the fol-

lowing equation:

Xl2 -" In (273.15 R V2s p / Vg vl Pl)-

( l-v l/M2V2sp) - (PI / RT)(B i 1-Vl) Eq 2

Water and ammonia separation

Porapak N, which is made from DVB-EGDM, has already

been shown to separate water and ammonia (9,10). Therefore,

different ratios of DVB-EGDM were used to produce in situ

polymerized PLOT columns for this separation. The water-am-

monia solution relative retention (rH20/rNH3) can be calculated as
follows:

V},;Io/VNH_ = (rH O/rNH )= ( tH O - tair) ] (tNH_ -- fair) Eq I
2 _ 2 1
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Figure 1. Scanning electron microscope photographs of 1,&hexamethylenedimethacrylate
(HMDM) polymer particles coated on the wall of the porous-layer-open-tubular (PLOT)
columnsprepared from in situ polymerization:A, butanol-hexanesolventsystem and B, hep-
tanesolvent system.

where M 2 is the number average molecular weight of the

polymer, V2_pis the specific volume of the polymer at the column

temperature (7), Vg is retention volume from GC analysis, v z is

the molar volume of the solvent, P_ is the vapor pressure of the

solvent at the column temperature, Bu is the gas-state second

virial coefficient of the solvents, and R is the gas constant. Al-

though this equation is only applied at the polymer melt state, the
retention volumes should also relate to the interaction between

gases and the cross-linking polymer. Based on the

interaction parameter (x_2), the solubility parameter

of the polymer and the solvent can be expressed by

the following equation:

x12 = ( vl/r ) (71-'f2) Eq 3

where 'Y1 and Y2 are the solubility parameters of the

polymer and solvent, respectively.

Because the solubility parameters of DVB and

EGDM are very close (9.28 and 9.5 [cal/cm3]'/2) as

estimated by Fedors' method (17), the solubility pa-

rameters of their copolymers should be very close.

Therefore, their water-ammonia separation factors

should be similar. This is not observed (Figure 2).

In this case, the pore size may be the controlling

factor. To test this hypothesis, DVB-styrene in situ

poIymerized PLOT columns were prepared. The

solubility parameter for styrene is 9.3 (cai/cm3)'/2,

which is very close to the DVB value. The relative

retention of the water-ammonia solution also in-

creases with increasing styrene concentration up to

43% (Figure 2).

To further confirm the pore size effect, PLOT

columns prepared from homopolymers of DEGDM,

TEGDM, TTEGDM, and PEGDM were tested. The

results listed in Table I indicate that an increase in

the chain length between the dimethacrylate func-
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Figure 2. Effect of the mole percent of styrene and EGDMcomonomers in divinylbenzene
copolymer PLOTcolumns for water-ammonia solution separation.

Table i. Water-Ammonia Relative Retentions (rH20--rNH3)

Column Polymers* rH20-rNH3 Operational Solventsystem
pressuret

50-1 EGDM 6.2 a heptane-t-butanol-MEK

78-5 DEGDM 10.0 a MEK-t-butanol

7i -2 TEGDM 12.8 a MEK-heptane

78-1 TTEGDM 18.1 b MEK-t-butanoi

56-3b PEGDM 12.0 b heptane-t-butanoI-MEK

68-2 BTDM 8.0 a MEK-methanol

68-3 HMDM 9.5 a MEK-methanol

62-2 PTAA 1.1 b heptane-t-butanoi/MEK

78-2 PTMA 1.2 b MEK-t-butanol

Porapak N* 4.7

* SeeAppendix for abbreviations.

t Carriergas pressureappliedto obtain flow rateof 4 mL/min, a < 10 psi, 50 psi < b < 10 psi,
and c > 50 psi.

:}:AIItech Chromatography,Deerfieid, IL.

20,

tional groups of the dimethacrylate homopolymer

increases the separation between water and ammonia

(Figure 3).

It is clear that cross-linking density may control

the pore size; the higher the cross-linking density, the

smaller the pore size produced. The multifunctional

monomers, such as PTAA (which has a trifunctiona]

double bond) or PTMA (which has a tetrafuncdonal

double bond), form higher cross-linked and smaller

pore-sized polymers; therefore, water and ammonia

are not separated as completely (Table I).

When the styrene concentration is more than 43%,
the relative retention of a water-ammonia solution

decreases with increasing styrene concentration

(Figure 2). A possible explanation for such behavior

" is that because styrene has nonfunctional double
120

bonds, any increase above a 43% styrene concentra-

tion will cause the polymer cross-linking density to

decrease, resulting in the pore size becoming over

sized and unstable (Figure 4B). This in turn will lead

to the pore walls collapsing or entangling to form a

smaller pore size. On the other hand, increasing the

DEGDM concentration (which has difunctional

double bonds) does not reduce cross-linking den-

sity; therefore, there is no pore over sizing and no

pore collapse. The same phenomena is also observed

in PEGDM; when the polyethylene-glycol unit is

too large, the pores become over sized (Figure 4C)

and collapse. The result of this collapse is that the rel-
ative retention of a water-ammonia solution also de-

creases (Figure 3 and Table I).

One could argue that the improved separation

using the ethyleneglycol derivatives may be caused

by increased water absorbency as the number of

ethyleneglycol units is increased. To test this effect,

DEGDM and TEGDM were replaced with BTDM

and HMDM. The results indicate that the ethylene-

glycol unit gives better separations than the CH2-

CH2 unit, as shown in Figure 3. This may be caused

by the effect of the water soluble ethyleneglycol
units.

The chromatograms shown in Figures 5 and 6

demonstrate that water-ammonia is clearly sepa-

rated within 4 minutes using one of these columns

under isothermal conditions and low flow rate. The

PLOT column made from DVB and styrene

copolymer is capable of separating water-ammonia solutions

and water-HCN solutions (Figure 6). Since water, ammonia,

and HCN are present in comets that will be studied in future

NASA missions, the DVB-styrene copolymer PLOT column

was selected for further study.
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Figure 3. Effect of chain length between two methacryloyl groups in
water-ammonia solution separation.

Conclusien

Several DVB copolymer and dimethacrylate homopolymer

PLOT columns were developed and investigated for the separa-
tion of water and ammonia.

Microscopic examination of two PLOT columns made from

HMDM in different solvent systems revealed that a suitable sol-

vent system is important for proper polymerization. The sol-
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vent system must allow the polymers to form into appropriately
sized particles that uniformly coat the column wall.

Using an in situ polymerization method, several DVB
copolymer and dimethacrylate homopoIymer PLOT columns
were developed and investigated for the separation of water and
ammonia. Based on the following results, we concluded that
the pore size of the polymers plays an impo_ant role in the sep-
aration of water-ammonia solutions:

• An increase of styrene or EGDM contained in the DVB
copolymer increases the relative retention time of water and
ammonia

• An increase in the chain length between dimethacrylate
functional groups of the dimethacrylate homopolymers also
increases the separation between water and ammonia

In addition, because ethyleneglycol chains between dimeth-
acrylate functional groups in the dimethacrylate homopolymer
(e,g., TEGDM homopolymer) give better separation than ethy-
lene chains between dimethacrylate functional groups in the
dimethacrylate homopolymers (e.g., HMDM homopolymer),
the poI_ty of the polymers also affects water and ammonia
separation.

A

DVB

B

n " DVB +
Styrene

%

/
c CH3

_"" C

t _ CH2

DVB +

Dimethacrylate
Derivative

Figure4. Possiblemicrostructuresof thecross-linkedpolymers.
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Appendix

Key to abbreviations

BTDM 1,4,butanediol dimethacrylate
DEGDM diethyleneglycoIdimethacrylate

DVB divinylbenzene
EGDM ethyleneglycoldimethacryIate
HMDM l,_hexamethylene dimethacrylate
PEGDM polyethyleneglycol (400)dimethacrylate
PLOT porous layer open tubular

PTAA pentaerythfitol tfiacrylate
_MA pentaerythfitol tetramethacrylate
TEGDM triethyleneglycoIdimethacrylate
TTEGDM tetraethyIeneglycoIdimethacrylate

DEGDM
EGDM

Figure5. Gaschromatographicseparationofwaterandammoniausing
ethyleneglycoldi.methacrylate(EGDM)or diethyIeneglyco!dime.thacrylate
(DEGDM)PLOTcolumns(12ft. x O.03-in.i..d.,stainlesssteel)operating
at 100°C_nd4 mL/min,with hellurn.asthecarriergas.Peaks:A,air; B,
NH3; and C, H20.
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Figure 6. Gas chromatographic separation of water-ammonia and
water-HCN solutionsusinga divinylbenezene-styrenecopolymerPLOT
column (12 ft x O.03-in. i.d., stainlesssteel) operating at 100°C and
4 mL/min, with:heliumasthe carriergas.Peaks:A, air; 8, NH3;C, H20;and
D, HCN.
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